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Edited by Richard CogdellAbstract Two b-carotene ketolases, CrtW and CrtO, are
widely distributed in bacteria, although they show no signiﬁcant
sequence homology with each other. The cyanobacterium Ana-
baena sp. PCC 7120 was found to have two homologous genes.
In the crtW deleted mutant, myxol 2 0-fucoside was present, but
ketomyxol 2 0-fucoside was absent. In the crtO deleted mutant,
b-carotene was accumulated, and the amount of echinenone
was decreased. Therefore, CrtW catalyzed myxol 2 0-fucoside
to ketomyxol 2 0-fucoside, and CrtO catalyzed b-carotene to
echinenone. This cyanobacterium was the ﬁrst species found to
have both enzymes, which functioned in two distinct biosynthetic
pathways.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Anabaena (also known as Nostoc) sp. PCC 7120 is a ﬁlamen-
tous and heterocystous cyanobacterium. It is the most com-
monly used cyanobacteria for genetic and physiological
studies. Their cells can be manipulated by genetical techniques
based on conjugative transformation, as developed by Wolk
et al. [1,2], and its genome sequencing has already been com-
pleted [3].
We previously identiﬁed the molecular structures of carote-
noids in Anabaena sp. PCC 7120 [4]. The myxoxanthophyll
and ketomyxoxanthophyll are (3R,2 0S)-myxol 2 0-fucoside
and (3S,2 0S)-4-ketomyxol 2 0-fucoside, respectively. The glyco-
side moiety of the pigments is fucose, not rhamnose. The major
carotenoids are b-carotene and echinenone, and the minors are
b-cryptoxanthin, zeaxanthin, canthaxanthin and 3 0-hydroxy-
echinenone. We have also proposed the candidates of the
carotenogenesis genes by sequence homology only from the
functionally conﬁrmed genes.
Ketocarotenoids and glycosyl carotenoids in cyanobacteria
are unique among phototrophic organisms, and are not ob-
served in higher plants. Further, the biosynthetic pathways
of these carotenoids have yet to be well characterized, and only
four b-carotene ketolases have been functionally reported toAbbreviations: HPLC, high performance liquid chromatography
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doi:10.1016/j.febslet.2005.09.081date: CrtO in Synechocystis sp. PCC 6803 [5], two CrtWs in
Nostoc punctiforme PCC 73102 [6], and recently CrtW in
Gloeobacter violaceus PCC 7421 [7].
In the present study, we found two distinct b-carotene keto-
lase genes, crtW and crtO, in the genome sequence of Ana-
baena sp. PCC 7120. From disruption experiments of the
genes, both had b-carotene ketolase activity, although their
substrate speciﬁcities were diﬀerent. This cyanobacterium
was the ﬁrst species found to have both enzymes, which func-
tioned in two distinct biosynthetic pathways.2. Materials and methods
2.1. Strains, growth conditions and carotenoid analysis
Anabaena (also known as Nostoc) sp. PCC 7120 was grown photo-
autotrophically in BG-11 medium as described elsewhere [4]. Esche-
richia coli strains were maintained in Luria–Bertani medium at
37 C. E. coli strain XL1-Blue MRF (Stratagene) was used for plasmid
maintenance and strain HB101 containing pRL623 [8] as a conjugal
donor. Antibiotics were added at the following concentrations (lg/
ml): for Anabaena mutants, erythromycin, 5; neomycin, 30; for
E. coli strains, ampicillin, 100; chloramphenicol, 100; erythromycin,
100; and kanamycin, 50.
The pigments were extracted using an acetone/methanol mixture (7:2
v/v) and analyzed by high performance liquid chromatography
(HPLC) equipped with the lBondapak C18 column (8 · 100 mm,
RCM type, Waters, USA) eluted with methanol/water (9:1, v/v) for
20 min and then 100% methanol (2.0 ml/min). The elution proﬁles
and absorption spectra were monitored with an MCPD-3600 photodi-
ode array detector (Otsuka Electronics, Japan). The relative molecular
masses of the puriﬁed carotenoids were measured with an M-2500 dou-
ble-focusing gas chromatograph-mass spectrometer (Hitachi, Japan)
equipped with ﬁeld-desorption apparatus [4].2.2. Construction of deleted mutants
The construction of mutants by triparental mating [9,10] was per-
formed as described elsewhere [11], unless otherwise indicated. The tar-
get genes for disruption were alr3189 (crtW) and all3744 (crtO).
Sequence information regarding the genomic DNA in Anabaena sp.
PCC 7120 was released from the Cyanobase database (http://www.
kazusa.or.jp/cyanobase/).
Genomic DNA was isolated from mutant cells by the glass bead
method [12]. The two adjoining parts of the target genes (Fig. 1) were
ampliﬁed by PCR using KOD-Plus-polymerase (Toyobo, Japan) and
the primers described in Table 1. The PCR products, W-f1 and O-f2,
were ligated into the EcoRV site of pBluescript II SK+ (Stratagene,
USA), and W-f2 and O-f1 were ligated into the SmaI site in pUC19
[13]. A 1.1 kb BamHI fragment containing PpsbA-npt gene from
pRL648 [8] was ligated into the BamHI site in the plasmid containing
W-f2 or O-f1. A 2.2 kb fragment containing W-f2 and npt or O-f1and
npt was excised with SacI and partially with XbaI and ligated into the
SacI–XbaI sites in the plasmid containing W-f1 or O-f2. The fragmentblished by Elsevier B.V. All rights reserved.
Fig. 1. Construction of insertional mutants of alr3189, homologue of
crtW (A) and all3744, homologue of crtO (B). Fragments of about
1 kb, named W-f1, W-f2, O-f1 and O-f2, containing a part of crtW or
crtO, were ampliﬁed by PCR. A 1.1-kb npt gene was inserted between
these two adjoining fragments.
Fig. 2. PCR conﬁrmation of insertional mutants of (A) alr3189 (crtW)
and (B) all3744 (crtO). The primer pairs, 3189-s1 and 3189-a2, and
3744-s1 and 3744-a2, were used in (A) and (B), respectively. The left
lane, molecular marker; wt, wild type; M, mutant.
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SacI and XhoI and ligated into the corresponding sites in pRL271 [14],
a suicide vector for triparental mating.
The insertion of the npt gene was conﬁrmed by PCR (Fig. 2). The
primer pairs, 3189-s1 and 3189-a2, and 3744-s1 and 3744-a2, were used
for conﬁrmation of the insertion into alr3189 and all3744, respectively.3. Results
3.1. b-Carotene ketolase gene candidates in the genome sequence
of Anabaena sp. PCC 7120 and conﬁrmation of deleted
mutants
BLAST was used to search for b-carotene ketolase genes in
the genome sequence of Anabaena sp. PCC 7120 [3]. Two genes
that were homologous to the functionally identiﬁed genes were
found [4]. One gene (alr3189) showed 55% and 57% identity
and e-values of 1e79 and 1e91 on the amino acid level to
CrtW38 and CrtW148 of Nostoc punctiforme PCC 73102,
respectively [6]. Another (all3744) had 64% identity and an e-
value of 0.0 on the amino acid level to CrtO (Slr0088 in Cyano-
base) of Synechocystis sp. PCC 6803 [5].
To investigate the functions of the probable b-carotene keto-
lase genes in Anabaena sp. PCC 7120 described above, we con-
structed deleted mutants of alr3189 and all3744 by targetedTable 1
Primers used for PCR
Primer (pair) PCR product Nucleotide sequence
3189-s1 and 3189-a1 W-f1 CCCTTGGTGGTG
3189-s2 and 3189-a2 W-f2 ATCGATGTTACAC
3744-s1 and 3744-a1 O-f1 GTCTCCCTTATTT
3744-s2 and 3744-a2 O-f2 GGATCCGTTGGTdisruptions (Fig. 1). The insertional disruptions of alr3189
and all3744 were conﬁrmed by PCR (Fig. 2). The PCR frag-
ments containing each target gene from the mutants were
about 1-kb longer than those from the wild type, indicating
the insertion of the neomycin resistant cassette.
The photoautotrophical growth of two deleted mutants were
almost the same with that of the wild type. This indicates that
deletion of the genes have not signiﬁcant eﬀects on the growth.
3.2. Carotenoids in deleted mutants
We recently identiﬁed all the carotenoids in the wild type,
and those in the deleted mutants were conﬁrmed based on
the retention times on HPLC, absorption spectrum in HPLC
eluent, and relative molecular masses, as described elsewhere
[4]. Fig. 3A shows the HPLC elution proﬁle of the carotenoids
in the wild type; they were b-carotene (41%, mol% to total
carotenoids), echinenone (37%) and canthaxanthin (4%); and
the carotenoid glycosides were myxol 2 0-fucoside (7%) and
ketomyxol 2 0-fucoside (12%).
In the alr3189 deleted mutant, ketomyxol 2 0-fucoside was
completely absent (Fig. 3B), while myxol 2 0-fucoside (14%)
was present. b-Carotene (53%), echinenone (32%) and cantha-
xanthin (1%) were also found. Therefore, Alr3189 (CrtW) cat-
alyzes myxol 2 0-fucoside to ketomyxol 2 0-fucoside.
In the all3744 deleted mutant, the content of echinenone was
decreased to 3% and canthaxanthin was absent, while the con-
tent of b-carotene was increased to 85% (Fig. 3C). Both myxol
2 0-fucoside (5%) and ketomyxol 2 0-fucoside (7%) were present.(5 0 to 30)
ATAGCGAT and GGATCCAGGATGTCCGTGGTGTAAC
CACGGACATCCTG and TGCAGATGGAGACGGTGATG
TGTCTGGGAAG and ATCGATACTTACCCGCACACCAACG
GTGCGGGTAAGT and CGCCACAAGAACAGACGGA
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Fig. 3. HPLC elution proﬁles of pigments extracted from wild type
(A), and crtW (B) and crtO (C) deleted mutants of Anabaena sp. PCC
7120. Eluent was methanol/water (9:1, v/v) from the ﬁrst 20 min, and
then 100% methanol (2.0 ml/min). Absorbance at 475 nm (solid line)
and 664 nm (dashed line) are shown. KM, 4-ketomyxol 2 0-fucoside; M,
myxol 2 0-fucoside; C, canthaxanthin; E, echinenone; b, b-carotene;
Chl, chlorophyll a.
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and canthaxanthin, and a small amount of echinenone found
in the mutant might be produced by CrtW. These indicate that
CrtW has ability to catalyze b-carotene to echinenone, but that
it can not compensate the reaction in the cells.4. Discussion
In Anabaena sp. PCC 7120, two distinct b-carotene ketolase
genes, one crtW-type (alr3189) and one crtO-type (all3744),
were found from homology based on the genome base se-
quence [4]. In the present study, we investigated their functions
from the deleted mutants. CrtW catalyzed myxol to keto-
myxol, and CrtO catalyzed b-carotene to echinenone and can-
thaxanthin. Therefore, this bacterium has two b-carotene
ketolases, whose substrate speciﬁcities are diﬀerent, and they
function in two distinct biosynthetic pathways. The total con-
tents of b-carotene, echinenone and canthaxanthin were
around 85% in both the wild type and the mutants, and those
of myxol 2 0-fucoside and ketomyxol 2 0-fucoside were around
15%. This indicates that two b-carotene ketolases have no ef-
fect on the total contents of b-carotene and its derivatives,
and of myxol and ketomyxol glycosides, and two pathways
might be regulated in some ways. Further in cyanobacteria,
carotenoid glycosides are known to be mainly located in outer
membrane, while b-carotene and echinenone are mainly lo-
cated in thylakoid membrane [15]. Therefore, carotenoid gly-
cosides, and b-carotene and echinenone might be synthesized
in diﬀerent membranes, and CrtW and CrtO might be also lo-
cated in diﬀerent membranes, respectively.
At present, only four b-carotene ketolases are functionally
conﬁrmed in cyanobacteria. In Synechocystis sp. PCC 6803,CrtO (Slr0088) catalyzes b-carotene to echinenone [5], and
ketomyxol glycoside is absent [16]. In Gloeobacter violaceus
PCC 7421, CrtW (Gll1728) catalyzes b-carotene to echinenone,
and (2S,2 0S)-oscillol 2,2 0-di(a-L-fucoside) is present but myxol
glycoside is absent. This bacterium also has a crtO-like gene
(gll0394), but it has no b-carotene ketolase activity [7]. Nostoc
punctiforme PCC 73102 has two b-carotene ketolases, CrtW38
(NpF5919: previous number, ORF501-5948 and ORF501-38)
and CrtW148 (NpF4798: previous number, ORF502-6170
and ORF502-148) [6], and both ketomyxol 2 0-fucoside and
echinenone are present [4]. Although their functions in the cells
were not reported, based on the substrate speciﬁcity in [6],
CrtW38 might catalyze b-carotene to echinenone since its sub-
strate is only b-carotene, and CrtW148 might catalyze myxol
2 0-fucoside to ketomyxol 2 0-fucoside since its substrate is both
b-carotene and zeaxanthin [4]. In total in cyanobacteria, the
reaction from myxol 2 0-fucoside to ketomyxol 2 0-fucoside is
catalyzed by CrtW in two species, while that from b-carotene
to echinenone is catalyzed by CrtW in two species and by CrtO
in two species. Anabaena sp. PCC 7120 was the ﬁrst species
found to have both enzymes. In addition, it is interesting
how cyanobacteria obtain both or either b-carotene ketolases
and how to use them properly.
Two b-carotene ketolases are also widely distributed in bac-
teria and green algae in addition to cyanobacteria. CrtW and
CrtO, whose functions have been conﬁrmed, have been found
in ﬁve and two species, respectively [17]. Even though the reac-
tions of both CrtW and CrtO involve the same b-carotene
ketolation, the characteristics of enzymes are diﬀerent. The
CrtO enzymes are almost twice the size of the CrtW enzymes
and do not share signiﬁcant amino acid sequence homology
with CrtW. The substrate speciﬁcities of CrtW are only the
b-end group (b-carotene) in three species and both the b-end
and 3-hydroxy-b-end (zeaxanthin and myxol) groups in six
species. That of CrtO is only the b-end group (b-carotene
and c-carotene) in four species. CrtW has iron-binding motifs
[6], while CrtO has six conserved regions including the FAD-
binding motif [17]. Two b-carotene ketolases might have
evolved convergently from diﬀerent ancestors to acquire the
same functions, so further studies are needed.
b-Carotene hydroxylase (CrtR) in Synechocystis sp. PCC
6803 catalyzes both b-carotene to zeaxanthin via b-cryptoxan-
thin, deoxymyxol 2 0-glycoside to myxol 2 0-glycoside, and
echinenone to 3 0-hydroxyechinenone [17,18]. This indicates
that the substrate speciﬁcities of CrtR do not depend on the
opposite side of the carotenoids, while those of CrtW and
CrtO are so dependent.
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